For determination of whether DNA replication is initiated at the nuclear envelope, synchronized
the inhibitors were counteracted with [3H]thymidine.
Radioautographic silver grains in each case were present over the more central parts of nuclei and were generally absent from the region of the nuclear envelope. We conclude that neither initiation nor continuation of DNA replication is associated with the nuclear envelope.
An important facet of the problem of DNA replication in eukaryotes is whether initiation of replication occurs at points of attachment of the chromosome to the nuclear envelope. The question arises in part because of the evidence that the replicons of prokaryotic chromosomes initiate and then continue replication at points of attachment to the plasma membrane (see, for example, refs. 1-3). Several kinds of experiments on prokaryotes suggest that the enzymes and other factors necessary for DNA replication may form a complex that remains associated with the plasma membrane during chromosome replication (see ref. 4 
for review).
In studies of human amnion cells, Comings and Kakefuda (5) concluded from electron microscope radioautography that DNA replication is initiated at the nuclear envelope at the beginning of the period of DNA synthesis (S period). Contrary to this conclusion, Williams and Ockey (6) have obtained evidence by electron microscope radioautography that DNA replication at the beginning of the S period is not initiated at the nuclear envelope in Chinese hamster cells. According to them and to Huberman et al. (7) , DNA synthesis late in the S period is highly concentrated near the nuclear envelope; this result is to be expected because replication of DNA in heterochromatin dominates the later part of the S period, and heterochromatin tends to be tightly condensed against the nuclear envelope. The results of Williams and Ockey (6) are to some degree supported by work of Erlandson and de Harven (8) for HeLa cells and of Blondel (9) for KB cells. In another eukaryote, Amoeba proteus, DNA replication is probably not associated with the nuclear envelope at any time during the S period (10) .
To answer the question of association of initiation or continuation of replication with the nuclear envelope in mammalian cells requires a very high degree of synchrony of the cultured cells. Many of the agents used for synchronization are incompletely effective. Ockey (11) , for example, showed that amethopterin does not block cells from entering the S period. A high thymidine concentration (thymidine block) also fails to block cells at the G1-S border (12) .
We describe experiments here that minimize the shortcomings of current methods of synchronization. Our results strongly indicate that DNA replication is not initiated at the nuclear envelope at the start of the S period and that, in agreement with results of Fakan et al. (13) Chinese hamster ovary (CHO) cells were cultured in monolayers as described (12) and synchronized by the mitotic shake-off method (14) . The shake-off populations consisted of 96-98% mitotic cells. These mitotic cells were cultured as monolayers or in suspension in Ham's F-12 medium plus 10% fetal-calf serum supplemented with adenosine (1.5 mM) and guanosine (1.5 mM). To label the DNA synthesized in the first minutes of the S period, we blocked DNA synthesis in cells with amethopterin (0.1 gg/ml) and 5-fluorodeoxyuridine (FdU) (0.1 ug/ml) for the first 6 hr after mitotic shake-off, and then released the block by addition of 50 or 500 ACi/ml (Fig. la) . After 6 hr, the rate of incorporation rises sharply. In the presence of FdU and amethopterin, there is no detectable incorporation until 7 hr after mitosis (Fig. la) . In the control cultures, the percentage of cells that have initiated DNA synthesis, as shown by radioautography, is zero at 2 and 3 hr after mitosis and rises to 2% at 4 hr (Fig. lb) . By 6 hr, the percentage has increased to 24%.
In the presence of FdU and amethopterin, no cells are Proc. Nat. Acad. Sci. USA 70 (1973) .,I
;i FIG. 4 . Electron microscope radioautograph of the nucleus of a CHO cell labeled with [ H]thymidine for 10 min at the initiation of the S period. The several silver grains are over regions away from the nuclear envelope. X 17,600.
We conclude from this experiment that CHO cells can be effectively held at the G1-S border for no more than 2 hr. Therefore, since the first cells to reach DNA synthesis in untreated cultures do so at 4 hr after mitosis, we chose 6 hr as the time to release cells from the FdU-amethopterin block in cells prepared for electron microscope radioautography.
In the radioautography about 1% of the cells became labeled during the first minute after release with ['H]-thymidine from inhibition by FdU and amethopterin. By 5 min after release, 21% of the cells were labeled. Thus, we conclude that at least 20% of the cells initiate DNA synthesis during the first 5 min after release from inhibition.
A radioautograph of a cell labeled with ['H]thymidine for the first minute after release is shown in Fig. 2 . In the few cells labeled at 1 min, there were 4-7 grains per nucleus, and these grains were not localized at the nuclear envelope.
A 5-min pulse of ['Hithymidine was sufficient to produce numerous silver grains over the nucleus of those cells that had entered DNA replication (Fig. 3) . The grains are distributed over the more central regions of the nucleus, with grains absent over the nucleoli and over the region close to the nuclear envelope. This pattern of labeling was the same for all 109 of the labeled nuclei that were encountered during random scanning of sections of the 5-min sample.
The labeling patterns seen with a 10-min pulse (Fig. 4) or a 30-min pulse (Fig. 5) The results of a 5-min pulse of [8H]thymidine followed by a 30-min chase are essentially the same as in the pulse-chase experiments described by Williams and Ockey (6) . In such cases, the labeling pattern remains fixed, i.e., the distribution of silver grains does not shift from the more central areas of the nucleus during the chase. DISCUSSION It would be a simple matter to determine whether initiation of DNA replication occurs at the nuclear envelope if all of the cells in a population could be reversibly arrested precisely at the G1-S border. None of the synchronization techniques so far developed for cultured mammalian cells can provide such a population. An acceptable alternative for present purposes is a population in which only some of the cells are arrested at the G1-S border, provided that none of the remaining cells is in any part of the S period. We have achieved this condition by using two synchronization techniques that, in combination, have a high probability of blocking about 20% of the cells in a population at the G1-S border, with the remaining cells positioned at earlier parts of G1. Cells were initially synchronized by the mitotic shake-off method, and the resulting GI cells were treated with two inhibitors of DNA synthesis, fluorodeoxyuridine and amethopterin, in such a way that individual cells reaching the end of G, were restrained at the G1-S border for times varying from zero min to a maximum of 2 hr. This short time of restraint with the inhibitors provided the maximum probability that the cells remained arrested at the G1-S border (Fig. 1) .
Finally, we released cells from the inhibitors with 1-and (13) and Huberman et al. (7) , our experiments show that the enzymatic machinery for DNA replication is not attached to the nuclear envelope, i.e., the replication forks are not attached to membrane. Thus, the mechanism of DNA replication in higher eukaryotes may be significantly different from the mechanism in prokaryotes.
Our results and conclusions on sites of initiation of DNA replication agree with those of Williams and Ockey (6) and disagree with those of Comings and Kakefuda (5) . Concerning this disagreement we can only reiterate the importance of synchronization procedures that require a minimum time of arrest of cells at the G1-S border and completely eliminate the possibility that any cells in the population may be in the later parts of the S period.
